Abstract An in situ ozone generator design based on a novel type of corona discharge tube construction was tested to examine enhancements in mass transfer and ozonation efficiency over conventional systems. In this design, the discharge gap is kept juxtaposed to the tubular pathway through which the treatment fluid is passed. A porous inner electrode tube is employed in the discharge tube, and the generated ozone diffuses through this porous tube and dissolves and reacts with the contaminants in the fluid that is being treated. The inner porous ceramic tube is grounded while the outer glass electrode is positively charged for corona discharge. Oxidation studies conducted on Reactive Blue 19 dye indicate that the time required for 90% color removal is about half that of a conventional ozone generation and bubble diffusion system at the same ozone dosage.
Introduction
Ozone has been investigated for use in wastewater treatment for the removal of color from textile and tannery effluents, the breakdown of high molecular weight organics from fermentation effluents, the prevention of microbial growth in integrated circuit process waters and cooling towers, oxidation of metal finishing wastes, and other applications (Inanc et al., 1999; Chu and Ma, 2000; Perkowsky et al., 2000) . The non-biodegradable organic fraction in process effluents can be broken down to simpler molecules using ozone, and these compounds can then be degraded easily by bacteria during biological treatment. Ozone is also effective in the disinfection of stormwater, and increases oxygen levels in the discharge water, but does not result in the discharge of free chlorine or chlorinated organics into receiving waters as with disinfection using chlorine. However, the application of ozone in wastewater treatment is not widespread at present due to the high overall cost of treatment relative to that of chlorine and other oxidants.
Ozonation efficiency is affected significantly by the gas-liquid mass transfer efficiency, and ozone reaction and decomposition kinetics. The high costs associated with ozone application can be reduced by increasing the mass transfer rate in the dissolution of ozone gas, and by reacting ozone as it is produced with the contaminants in the solution by developing an in situ ozone generator.
Mass transfer rates are increased typically by using fine bubble diffusers in deep tanks. This results in higher ozone partial pressures, and higher interfacial area for mass transfer. Capital costs are however higher, and in addition the off-gases will need to be treated for the residual ozone and stripped VOCs. Hollow fiber membranes have been studied to provide bubble-less transfer of oxygen across membranes into the solution (Cote and Bersillon, 1989; Ahmed and Semmens, 1992) . These can provide much higher transfer efficiencies by maintaining high pressures (as high as 6 atm.) on the gas side of the membrane. The overall costs of such systems utilizing hollow fiber membranes are high. Moreover, this system still does not use the ozone as it is generated. The ozone is pressurized and transported to the application point, and hence there is substantial loss due to decomposition.
High voltage corona discharge produces highly reactive species that are short-lived (Sano et al., 2002) . The gaseous species that are generated include free electrons, negative ions, positive ions, uncharged short-lived radicals, and ozone (Tamon et al., 1995) . The current ozonation systems are unable to utilize these short-lived species in disinfection and oxidation reactions since the ozonation reactor is removed from the ozone generation system. Recently, attempts have been made to utilize the short-lived species by generating the gas corona discharge over the water surface with plate-type electrodes (Sharma et al., 2000; Sano et al., 2002) . These systems rely on ion winds to carry the generated species to the water surface.
The in situ ozone generation system developed in this work aims to utilize both enhancement in mass transfer efficiency, and the potential to use short-lived species by immediate transfer of the reactive species upon generation, across a membrane barrier, to the fluid that is to be treated. This paper will discuss the features of the in situ ozone generator, and present experimental results from ozone mass transfer and reaction kinetics studies.
The porous electrode in situ ozonator
Most corona discharge ozone generators are of the concentric tubular type. In these systems, the inner electrode, which may be of aluminum, is separated by a gap of 0.6 mm to 1 mm from the outer electrode. The outer tube used in our designs is of quality low lime content glass of as high a dielectric constant as possible among available glass tubes. The glass tube should be thin but sturdy to withstand the pressure and heat generated in the corona discharge in the gap. A high voltage is applied between the inner and the outer tubes to generate a strong electric field within the gap. The electric field varies with distance from the center tube radially as a hyperbola, and is a maximum at the circumference of the inner tube. The concentrations of ozone and other short-lived species are likely to be highest in this region, and hence, it would be beneficial to exploit the high reactivity effects that are likely to be present in this region before self-decomposition reactions take place.
In our design (see Figure 1) , we have used a porous inner cylindrical tube, which has been silver coated or has an embedded wire inside for earth contact as the electrode. Maximum amount of ozone and short-lived species will be generated in the gap at the outer periphery of the inner tube, due to the high electric field strength. Since pure oxygen or air is fed into the gap from a pressurized cylinder, this pressure can be adjusted so that there is continuous gas flow through the pores of the inner tube, after passing through the corona in the gap space. And, since there is no outlet from the gap space, the generated ozone, shortlived species, and the oxygen gas or air must permeate through the pores into the inner tube. The water or wastewater that is to be treated is conveyed through the inner tube wherein it contacts with the ozone and other species as they are generated and transported across the membrane. Reaction occurs between the contaminant and ozone at the membrane-water interface, and any unreacted or undissolved ozone and carrier gas will leave the system as two-phase flow.
Materials and methods
The experimental set-up used in the studies consisted basically of a concentric porous tube in situ ozonator as shown in Figure 1 , with oxygen and water supply connections, and an online off-gas ozone analysis system. The glass outer tube of the ozonator was connected to a pure oxygen cylinder for oxygen supply, and the inner porous tube was connected to a water supply pump for feeding the contaminated water solution. The gas and water discharge from the outlet side of the porous tube was connected to a reservoir with a magnetic stirrer for agitation. The off-gas line from the reservoir was connected to an online ozone gas analyzer through a condenser-type demister. The outlet gas from the ozone analyzer was passed through a KI trap and vented out. The reservoir had a diffuser and an agitator to provide good mass transfer, and lines to recirculate the water through the ozonator.
The porous electrode had an internal diameter of 0.9 cm, and had an effective length of 10.4 cm. The surface area over which electrical discharge occurred was 29.4 cm 2 . The total length of the porous tube including the electrode portion was 16 cm. The gap width between the glass tube and the porous ceramic tube was 0.5 mm. Dry oxygen was fed to the ozone generator at the rate of 0.1 L/min, and clean water was fed to the ozone generator, at the rate of 0.1 L/min, and the total oxygen in the liquid and off-gas was measured to determine the ozone production rate. Subsequently, experiments were conducted with varying Reactive Blue 19 dye concentrations to determine oxidation rates. A conventional ozone generator with nonporous aluminum electrode was used to generate ozone and bubble it through a diffuser for comparative studies. Power input and gas flow to the two ozonators were controlled so as to produce identical ozone output from both systems. The reservoir contained 1.2 L of Reactive Blue 19 dye at a given concentration.
Liquid ozone concentration analyses were made using the indigo method (Bader and Hoigne, 1981) . The gas phase ozone concentration anayses were made using an online ozone analyzer (BMT Messetechnik, Berlin). The dye concentration was measured by determining absorbance at 590 nm using a visible spectrophotometer (Cary Bio-50, Varian, Inc.). COD analyses were made using standard procedures.
Results and discussion

Mass transfer studies
Preliminary studies have been conducted to gauge mass transfer characteristics of the in situ ozonator in the absence of chemical reaction. As described earlier, the porous electrode used in the study is small with a working volume of 0.0077 L. Ozone dissolution studies were conducted at a fixed water flow rate of 0.1 L/min, pH of 2, and air flow rates ranging from 0.02 L/min to 0.05 L/min. This gave a gas to water ratio of 2 to 5. The liquid residence time in the porous tube was very short at 4.6 seconds, and hence a reservoir and recirculation system was used to monitor the ozone dissolution rate. The reservoir with a volume of 1.1 L was designed to hold only the liquid, and the gas was separated in a disengagement section at the top of the reservoir. The reservoir liquid was mixed with a magnetic stirrer. Samples were periodically withdrawn from the reservoir during the experiment to determine the ozone accumulation rate.
Experimental data from two runs are shown in Figure 2 . The ozone generation rate for the in situ system can be determined only indirectly, as any ozone generated will diffuse and dissolve into the liquid in the porous electrode. The ozone generation rate is obtained from a mass balance of the liquid ozone and off-gas ozone analysis, and from the steady state off-gas concentration. The ozone generation rate was 46 g/Nm 3 at 20 mL/min gas flow rate, and 43 g/Nm 3 at 50 mL/min gas flow rate. The fluid flowing through the electrode serves a second function of cooling the electrode. As such, the outlet water temperature will increase depending on the air and water flow rates. An increase in temperature of up to 5°C has been observed with a water recirculation rate of 0.1 L/min over a period of 80 minutes of experimental run duration. The increase in temperature will reduce equilibrium liquid ozone concentration marginally, and increase contaminant oxidation rates and decomposition rates. Analysis of the data developed using the in situ generator and recirculation system involves the solution of two coupled ordinary differential equations. Preliminary evaluation of the results based on an analysis of the initial rate data indicates volumetric mass transfer coefficient values of ~7.1/min for the 20 mL/min oxygen/ozone gas flow rate and 11.8/min for the 50 mL/min flow rate. These values are much higher than those reported for bubble columns of 0.1/min to 0.46/min (Stankovic, 1989) , and 0.82/min to 0.95/min for gas-inducing reactors (Hsu et al., 2002) . These results are very promising, and further studies are being conducted at present to determine the effects of electrode porosity, diameter to length ratio, and gas and liquid flow rates. Comparative results are also being developed for conventional bubble ozonation systems under the same operating conditions.
Dye oxidation in in situ ozonator
Comparative studies for the oxidation of Reactive Blue 19 dye were conducted in the in situ ozonator and conventional bubble ozonator at the same ozone gas dosage. The anthraquinone dye, C 22 H 16 N 2 O 11 S 3 Na 2 , C.I. 61200 (from Sigma Aldrich Co., St. Louis, USA) was used as purchased to prepare 80 mg/L concentration solutions for both ozonators. The pH of the solution was 2. The in situ ozonator was run initially with pure water from a water reservoir to determine ozone generation rate, and subsequently switched to the dye reservoir. The ozone generation rate was 21.5 g/Nm 3 for both cases. The reservoir volume and the bubble ozonator volume was 1.2 L. The water flow rate was 0.1 L/min, and the oxygen gas flow rate was 0.1 L/min. For in situ ozonation, the gas and water mixture from the porous electrode was transferred to the reservoir through a sintered diffuser, and the off-gas was separated and analyzed. The water from the reservoir was then recirculated to the electrode. For conventional bubble ozonation, ozone was generated and bubbled through the static water in the reservoir. Comparative data for the dye concentrations as a function of time in both systems are shown in Figure 3 . These data indicate rapid and faster decolorisation in the in situ system. The ozone gas will react with the dye at the gas-liquid interface in the porous electrode, thereby providing greater observed mass transfer and reaction rates. About 90% decolorisation occurs in 10 minutes in the in situ ozonator compared to 20 minutes for the bubble ozonator. Off-gas ozone concentrations are shown in Figure 4 .
The off-gas ozone concentrations are lower than the generation rate in both systems indicating continued oxidation of ozonation byproducts. However, the in situ system offgas ozone concentration is lower by about 6 g/Nm 3 indicating a greater utilization of the ozone in the oxidation of the dye and its byproducts. The kinetic data was analyzed using a simple first-order oxidation rate equation as shown in Figure 5 .
The first-order rate constant is estimated from the above graph to be 0.126/min for the bubble ozonator and 0.230/min for the in situ ozonator. Further studies at dye concentrations from 20 mg/L to 80 mg/L indicate similar trends of higher decomposition rates and lower off-gas ozone concentration rates for the in situ system. COD measurements at the end of 70 minutes of ozonation indicated 71% COD reduction with the in situ ozonator compared to 51% for the conventional bubble ozonator.
Conclusions
This paper provides preliminary findings on a novel ozone generation system that can enhance mass transfer and reaction rates for contaminant oxidation and disinfection applications in water and wastewater treatment. A porous tube electrode is used to rapidly react the ozone and short-lived species that are generated around the periphery of the electrode with the contaminated water flowing in the porous tube. Mass transfer efficiencies are very high in this system due to dissolution and reaction occurring at the porous electrode gas-liquid interface. 
